A well-known feature of CaFe2As2-based superconductors is the pressure-induced collapsed tetragonal phase that is commonly ascribed to the formation of an interlayer As-As bond. Using detailed X-ray scattering and spectroscopy, we find that Rh-doped Ca0.8Sr0.2Fe2As2 does not undergo a firstorder phase transition and that local Fe moments persist despite the formation of interlayer As-As bonds. Our density functional theory calculations reveal that the Fe-As bond geometry is critical for stabilizing magnetism and that the pressure-induced drop in the c lattice parameter observed in pure CaFe2As2 is mostly due to a constriction within the FeAs planes. These phenomena are best understood using an often overlooked explanation for the equilibrium Fe-As bond geometry, which is set by a competition between covalent bonding and exchange splitting between strongly hybridized Fe 3d and As 4p states. In this framework, the collapsed tetragonal phase emerges when covalent bonding completely wins out over exchange splitting. Thus the collapsed tetragonal phase is properly understood as a strong, covalent phase that is fully nonmagnetic with the As-As bond forming as a byproduct.
A well-known feature of CaFe2As2-based superconductors is the pressure-induced collapsed tetragonal phase that is commonly ascribed to the formation of an interlayer As-As bond. Using detailed X-ray scattering and spectroscopy, we find that Rh-doped Ca0.8Sr0.2Fe2As2 does not undergo a firstorder phase transition and that local Fe moments persist despite the formation of interlayer As-As bonds. Our density functional theory calculations reveal that the Fe-As bond geometry is critical for stabilizing magnetism and that the pressure-induced drop in the c lattice parameter observed in pure CaFe2As2 is mostly due to a constriction within the FeAs planes. These phenomena are best understood using an often overlooked explanation for the equilibrium Fe-As bond geometry, which is set by a competition between covalent bonding and exchange splitting between strongly hybridized Fe 3d and As 4p states. In this framework, the collapsed tetragonal phase emerges when covalent bonding completely wins out over exchange splitting. Thus the collapsed tetragonal phase is properly understood as a strong, covalent phase that is fully nonmagnetic with the As-As bond forming as a byproduct.
The pressure-induced collapsed tetragonal (CT) phase transition [1] [2] [3] of the iron-based superconductor CaFe 2 As 2 [4, 5] is a structural transition characterized by a discontinuous change in the material's lattice parameters and volume. The transition is unique among the ThCr 2 Si 2 (122) structural family of iron-based superconductors [6] [7] [8] [9] [10] [11] [12] [13] [14] , occurring at a hydrostatic pressure of 0.35 GPa [1] that is an order of magnitude lower than the continuous (second order) transitions observed in the other members of the AFe 2 As 2 (A = Ba, Sr, Eu) family [15, 16] . The CT phase itself is nonmagnetic, lacks magnetic fluctuations [2, 17] , exhibits Fermi liquid behavior [18, 19] , and is not superconducting [20] , which supports a spin-fluctuation model of superconductivity. There is a diversity of opinion on how to describe the Fe moment for the CT phase transition, with most models belonging to one of three categories: (1) the magnetism is itinerant and the Fe moment is quenched when a Fermi surface nesting vector disappears due to pressure [21] , (2) the magnetism is local and the Fe moment is quenched when pressure-induced gains in the Gibb's free energy win out over the Hund's coupling [22] , and (3) each Fe 2+ site has six 3d electrons arranged in one of three distinct spin states, S = 0 (nonmagnetic), S = 1 (low spin), and S = 2 (high spin), and applying pressure transitions a majority of the Fe sites from S = 2 to S = 0 or S = 1, suppressing magnetism [23] . Regardless of the way one models the Fe magnetic moment, the driving mechanism of the CT phase is generally attributed to a well-known feature of the CT phase, the strong interlayer As-As covalent bond [24] . Stronger interlayer As-As bonds will promote smaller interlayer As-As bond lengths as Hoffman and Zheng showed in their bond analysis of the ThCr 2 Si 2 structural compounds [25] , and thus the CT phase transition occurs when the As-As bond length decreases below a critical value of 3 Å [26] , at which point the As-As bonding energy wins out over the magnetic energy and induces a first-order structural transition that quenches the Fe moments.
These models face challenges when applied to CaFe 2 As 2 -based chemical substitution experiments [19, [27] [28] [29] [30] [31] [32] . For example, substituting 33% of Ca sites with Sr and applying pressure leads to a paramagnetic CT phase (defined here as a structure with an As-As bond length shorter than 3 Å) instead of a nonmagnetic one, with a transition that may be second order [27] . A pure itinerant model cannot explain this paramagnetic CT phase, while the challenge for localized models is to provide an explanation for why identical cell volumes result in a paramagnetic phase for the Sr-doped case and a nonmagnetic phase for the undoped case. A localized model may be able to quantify the trend by fitting to electronic struc- [30] [31] [32] illustrates the need for a comprehensive understanding of the CT phase.
There are also clues from density functional theory (DFT) calculations that the role of the As-As bond in the CT phase transition needs to be reassessed. A remarkable success of DFT is that it can distinguish between the uncollapsed and collapsed phases in the 122 family, as structural relaxation calculations using a magnetic structure with q = (π, 0) or (0, π) (known as the single stripe pattern) reproduces the lattice parameters of the uncollapsed tetragonal phase, while relaxing in the nonmagnetic state reproduces the CT phase [24, [33] [34] [35] [36] . In terms of chemical bonding, both DFT [36] and DFT-based dynamical mean-field theory (DFT+DMFT) [37, 38] calculations find that there is a substantial amount of hybridization between the Fe 3d and As 4p states, which becomes stronger in the CT phase despite the formation of the As-As bond. The substantial Fe-As hybridization was previously discussed as a general feature of the pnictides [39] , but this finding usually is not factored into models of the CT phase. This would seem to be a mistake. In the magnetic, uncollapsed phase, the FeAs bonding and antibonding hybrid bands themselves are exchange split, leading to a competition between covalent bonding and the magnetic energy reflected in the equilibrium distance between neighboring Fe and As planes. Increasing the exchange splitting weakens the covalent bond as electrons start to occupy the majority antibonding band, while reducing the exchange splitting empties the majority antibonding band and strengthens the covalent bond [39] . Indeed, the proximity of such antibonding states to the Fermi level was reported in Hoffman and Zheng's analysis (here the bond is Mn-P) [25] . Furthermore, other key quantities in DFT+DMFT calculations, such as the d xy orbital's imaginary part of the self-energy, are quite sensitive to the Fe-As bond geometry (which changes across the CT phase transition) but not to the As-As bond length [38] . This mounting evidence seems to suggest that the CT phase transition has less to do with As-As bond and more to do with the Fe-As bond geometry. As we'll show below, our measurements and calculations are in agreement with this hypothesis.
In this Letter, we report on the changes in the structural and magnetic properties of Sr-and Rh-doped CaFe 2 As 2 using electrical resistivity, thermal expansion, X-ray diffraction (XRD) and emission spectroscopy (XES) measurements. Substituting Fe with Rh [19] provides chemical pressure, avoiding the challenges inherent in performing spectroscopic measurements under high pressures. We obtain the surprising result that Rh-doped Ca 0.8 Sr 0.2 Fe 2 As 2 does not undergo a first-order phase transition as the As-As distance crosses the critical 3 Å threshold [26] and that the local Fe moments persist despite the formation of interlayer As-As bonds. We further analyze these measurements using DFT calculations, finding that subtle variations in the Fe-As bond geometry in Sr-doped and Sr-free samples, regardless of the As-As bond length, determines whether Fe is magnetic or not, and that a first order CT phase transition corresponds to the intralayer constriction of neighboring As-Fe-As planes due to quenching of magnetism. These results show a complexity that cannot be explained in models that require a sharp distinction between low-spin and high-spin states, or that start from a fully localized or itinerant description. Instead, the same set of electrons both provide the local moments and form the FeAs and As-As bonds, so we interpret our results using the framework of a competition between covalent bonds and exchange splitting [39] . In this picture, forming a covalent As-As bond does not require the quenching of magnetism and the transition to the CT phase is allowed to be continuous, depending on the details of how the Fe-As bond geometry evolves with pressure. Furthermore, the CT phase is properly identified not by a sub-3 Å As-As bond length [26] , but instead as a fully nonmagnetic phase with strong Fe-As and As-As covalent bonds. This framework provides a common mechanism for the nonmagnetic CT phase in CaFe 2 As 2 and the other 122 materials [15, 16] . , due to the CT phase transition at 300 K in the latter material [19] . Based on the electrical resistivity measurements on Ca 0.8 Sr 0.2 Fe 2 As 2 under hydrostatic pressure, a similar phase diagram compared to the Rh doped case can be constructed [40] , again without a first-order phase transition.
To investigate the structural details and atomic coordinates, single crystal X-ray diffraction was conducted for Ca 0. Table I . The geometry parameters of the FeAs 4 tetrahedra including the Fe-As bond length and As-Fe-As angle are derived together with the interlayer As-As distance. For CaSr-Rh0.48, this As-As distance is 2.8 Å, similar to the value of Ca-Rh0.28. Note that both distances are less than the critical value of 3 Å [26] . Independent pair distribution function (PDF) measurements show the same formation of short interlayer As-As bonds in Ca-Rh0. 28 and CaSr-Rh0.48 at 300 K, see Supplemental Materials [40] . Additionally the PDF measurements confirm that the Fe-As bond is enhanced for CaSr-Rh0.48 by about 0.01 Å compared to Ca-Rh0.28.
X-ray emission spectroscopy (XES) has emerged as a useful technique to study the fast fluctuating mag- Fig. 1c , we plot the temperature dependence of the local moment for Ca 0.8 Sr 0.2 (Fe 1−x Rh x ) 2 As 2 (x = 0, 0.053, 0.25, 0.36, and 0.48), extracted from the emission line as described above. The detection limit (zero signal) of the IAD technique is shown by the shaded area [23] . At room temperature the samples with lower Rh doping (x = 0 and x = 0.053) have a local moment around 0.8 µ B , which upon cooling gradually decreases to around 0.6 µ B . However, for x = 0, the moment starts to increase below the Néel temperature until the room temperature value is reached again. In the x = 0.053 sample where long-range order is suppressed no such a reversal is observed. The higher-doped samples, for which interlayer As-As bonds are formed, show a finite but reduced moment of around 0.6 µ B at room temperature. Upon cooling, this moment also gradually decreases from ≈ 0.6 µ B at T = 295 K to 0.4 µ B at 10 K. This observation is in stark contrast to our results on Ca-Rh0.28 which shows a non-magnetic state at 300 K.
To understand why the magnetism persists for CaSrRh0.48 despite the As-As bond length being close in value to the pressure-induced CT phase of undoped CaFe 2 As 2 (d As-As = 2.7952 Å) [1] , we performed a series of DFT calculations using the pseudopotential software package vasp with projector augmented wave potentials [44, 45] and the GGA exchange-correlation func- The energy difference ∆E = E(SS) − E(NM) for the system at volumes constrained to 95.8% and 100% of the experimental volume when the FeAs plane geometry is fixed and dAs-As is varied.
tional [46] , see Supplemental Materials for details [40] . We found that subtle changes in the lattice parameters due to chemical pressure affect the magnetic stability. Fixing the lattice parameters to the Ca-Rh0.28 values reported in Table I weakens the magnetic stability, and magnetism is fully suppressed with a Rh doping level of 25% or higher. In contrast, fixing the lattice parameters to the CaSr-Rh0.48 values stabilizes magnetism, with the antiferromagnetic single stripe (SS) phase remaining stable up to 25% Rh doping and the Fe local moment was found to be still present at 50% Rh doping [47] .
Next, we assessed the role of the Fe-As bond in stabilizing magnetism using a second set of DFT calculations, which are shown in Fig. 2 . These calculations interpolated between the CaSr-Rh0.48 and Ca-Rh0.28 lattice parameters in a two-stage process (the As-As bond length was fixed to its Ca-Rh0.28 value). We found that in the absence of electron doping that a 0.72% reduction in the Fe-As bond length increases the energy of the magnetic phase relative to the nonmagnetic phase by nearly a factor of 2. Furthermore, with 25% Rh doping the system transitions to a nonmagnetic phase at a Fe-As bond length of 2.37522 Å as the SS phase becomes metastable (it becomes unstable at 2.37090 Å). The bond angle AsFe-As is relatively unchanged in the interpolation, however in a separate calculation we found that increasing the angle by 1.3 degrees lowered the energy by about 10 meV. This confirms that even in this "collapsed" environment that small changes in the Fe-As bond geometry affect the stability of the magnetic phase.
These results show a sharp division between two phases (one that is magnetic in some way, while the other is fully nonmagnetic) that depends on the geometry of the FeAs bond even when the As-As bond length is less than 3 Å, which presents a serious challenge to the theory that forming an As-As bond drives the CT phase transition. One possible objection to this would be that we've only shown this to hold for characteristics that might be specific to doped CaFe 2 As 2 . To show that this result is more general, we performed structural relaxation calculations of undoped CaFe 2 As 2 where we optimized the structure for a series of fixed volumes. The resulting bond lengths (Fe-As and As-As) and bond angle (As-Fe-As) as a function of cell volume are plotted in Fig. 2(c is the experimental volume at ambient pressure [48] ), which causes a discontinuous 5.5% reduction in the c parameter (the a parameter increases in response to compensate and preserve the fixed volume). What hasn't been pointed out in previous discussions is that 83% of the c parameter's decrease is due to a change in the Fe-As bond geometry (this mostly stems from the 6% increase in the bond angle), with the remaining 17% is due to a decrease in the As-As interlayer distance. Put another way, the collapse of the c parameter is the consequence of a sudden constriction of the interlayer distance between neighboring Fe and As planes, which occurs when magnetism is fully suppressed. This is not to say that the As-As bond plays no role; the inset of Fig. 2(c) shows that, if one fixes the FeAs plane geometry of the collapsed 0.958V exp 0 structure and artificially increases the interlayer As-As distance, then this will restore the magnetic phase [49] . So, what we've found is that the As-As bond works against magnetism and lowers the critical pressure compared to an isolated FeAs plane, but its formation isn't necessary or sufficient to drive the transition to the CT state.
So what is the nature of the CT phase? We've established that the phase transition occurs when magnetism is fully suppressed, causing the FeAs planes to constrict, and that there is a direct connection between the stability of magnetism and the Fe-As bond geometry. As discussed earlier, the mechanism determining the equilibrium Fe-As bond geometry was identified in Ref. 39 as a competition between covalent bonding (disfavoring magnetism) and exchange splitting (favoring magnetism) of the hybridized Fe 3d and As 4p states. Hence, the CT phase should be viewed as a fully nonmagnetic, strong covalent phase that manifests due to covalency winning out in the Fe-As bonds [37] with increasing pressure.
Understanding that the CT phase is the product of a strong covalent Fe-As bond that fully suppresses magnetism offers insight on other results in the literature. First, a 122 pnictide is not in the CT phase if magnetism coexists with an As-As interlayer distance that is below 3 Å (an example is applying pressure to 33% Sr-doped CaFe 2 As 2 [27] ). Second, there does not seem to be a requirement that the CT phase transition is first order. In the case of Sr-doped CaFe 2 As 2 , according to our hydrostatic pressure measurements (see the Supplemental Materials [40]) and Ref. 28 , the phase transition remains first order only when Sr doping remains low (< 17.7%), while at larger dopings there is a sudden, yet continuous, increase in the As-Fe-As bond angle with increasing pressure as magnetism becomes suppressed. This kind of second-order phase transition behavior is also seen in BaFe 2 As 2 [16] , and so we conclude that 1) the CT phase is a general feature of the 122 family of pnictides, and 2) the critical pressure for the 300 K measurements in Ref. 16 is determined by where the As-Fe-As bond angle plateaus, which is at 36 GPa instead of the quoted estimate of 27 GPa. Finally, it is worth noting that in rareearth doped CaFe 2 As 2 a superconducting state above 45 K emerges at the same time as a CT phase transition [30] [31] [32] . Our results show that first order CT phase transitions are the result of a sudden quench of magnetism, which suggests that the CT phase in combination with a higher superconducting temperature are likely correlated in these materials. Further investigations in this direction are needed.
In summary, our FeKβ X-ray emission spectroscopy and DFT calculations establish the coexistence of local Fe moments with an interlayer As-As covalent bond with a length smaller than 3 Å in Rh-doped Ca 0.8 Sr 0.2 Fe 2 As 2 . We find that the collapsed tetragonal phase is properly identified by a sudden constriction within the FeAs planes that occurs when magnetism is suppressed, which is due to covalent bonding between the hybridized Fe 3d and As 4p states winning out over exchange splitting. Therefore the collapsed tetragonal phase is not driven by forming an As-As bond and is instead a nonmagnetic and strongly covalent phase that should be distinguished from other magnetic or paramagnetic phases, even if under certain conditions they have relatively similar lattice parameters.
